Background Recent studies suggested that the relation between night-shift work and prostate cancer may differ between rotating and fixed schedules. Objectives We aimed to quantify the independent association between night-shift work and prostate cancer, for rotating and fixed schedules. Methods We searched MEDLINE for studies assessing the association of night-shift work, by rotating or fixed schedules, with prostate cancer. We computed summary relative risk (RR) estimates with 95% confidence intervals (95% CI) using the inverse variance method and quantified heterogeneity using the I 2 statistic. Meta-regression analysis was used to compare the summary RR estimates for rotating and fixed schedules, while reducing heterogeneity. Results A total of nine studies assessed the effect of rotating and, in addition, four of them provided the effect of fixed nightshift work, in relation to daytime workers. Rotating night-shift work was associated with a significantly increased risk of prostate cancer (RR = 1.06, 95% CI of 1.01 to 1.12; I 2 = 50%), but not fixed night-shift work (RR of 1.01, 95% CI of 0.81 to 1.26; I 2 = 33%). In meta-regression model including study design, type of population, and control of confounding, the summary RR was 20% higher for rotating vs. fixed schedule, with heterogeneity fully explained by these variables. Conclusions This is the first meta-analysis suggesting that an increased risk of prostate cancer may be restricted to workers with rotating night shifts. However, the association was weak and additional studies are needed to further clarify this relation before it can be translated into measures for risk reduction in occupational settings.
Introduction
In 2007, the International Agency for Research on Cancer (IARC) of the World Health Organization designated shift work involving circadian disruption as "probably carcinogenic to humans" [1] . This classification was based on evidence provided by experimental animal models and human epidemiologic studies describing an increased risk of breast cancer among long-term female night-shift workers when compared with women who do not work during the night [2, 3] .
The association between night-shift work and cancer can possibly result from physiological changes induced by absolute sleep reduction and circadian rhythm disruption due to altered exposition to light during night, which has a worse impact in temporal alignment of genetic and metabolic processes [4] . Furthermore, pineal secretion of melatonin, a natural inhibitor of tumor growth both in vitro and in vivo, is suppressed by the exposure to artificial light in night-shift workers [5, 6] .
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The most recent meta-analyses [7] [8] [9] examining the association between night-shift work and prostate cancer yielded an increased risk of prostate cancer among nightshift workers, with summary relative risk (RR) estimates ranging between 1.08 and 1.24. These apparently conflicting findings could result from heterogeneity between studies, which may be explained not only by differences in the study design and characteristics of the participants, but also by different night-shift work definitions and schedules, such as fixed vs. rotating.
In 2006, Kubo et al. [10] suggested, for the first time, that night-shift work related-prostate cancer risk may differ between the rotating and fixed schemes with an increased risk of prostate cancer being reported only in the rotating night-shift workers. Very recently, in a pooled analysis including studies with very different night-shift work definitions, Yong et al. supported these previous observations of higher risk of prostate cancer with rotating night-shift work. However, the authors also demonstrated an increased night-shift work related risk of prostate cancer in Asian studies, which mainly described the association with rotating night-shift work. A stratified analysis by nigh-shift work pattern is, therefore, warranted to investigate whether the differential risk estimates are due to the work schedule itself or other associated contributing factors.
In the present study, we quantified, through a systematic review and meta-analysis, the independent association of rotating and fixed night-shift work with prostate cancer, compared with daytime work, and further tested the consistency of the stratified results through exploratory metaregression analyses.
Methods

Search strategy
This study was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-analysis statement [11] . A comprehensive MEDLINE search of the literature assessing the association between night-shift work and prostate cancer was performed. In order to identify and retrieve all potentially relevant articles regarding this topic, a search was performed utilizing the following expression: [("night shift" OR "night work" OR "shift work" OR "circadian rhythm" OR "circadian disruption") AND ("cancer" OR "tumor" OR "neoplasia") AND prostate]. An additional manual search was performed through reference list of the studies selected for the systematic review, and review articles. The search was restricted to articles that were published until 17th November 2016.
Eligibility criteria
Eligible criteria in this systematic review and meta-analysis were: (1) observational studies with cohort or case-control design; (2) one of the exposures being clearly defined as rotating or fixed night-shift work; (3) prostate cancer as the dependent variable, and (4) studies providing adjusted effect size estimates with their 95% confidence intervals (CIs), or data to calculate them by rotating or fixed nightshift work. If multiple publications from the same or overlapping populations were available, the most recent or comprehensive information was included in this metaanalysis.
Data extraction
Potentially relevant articles were independently evaluated by three authors (CL, MF, and JM) using a standardized form and any disagreement was subsequently resolved by all authors. For each study, the following information was collected: first author surname, publication year, country where the study was conducted, study design, source of participants, definition of exposure, method of exposure assessment, number of incident cases, effect size (odds ratios obtained from case-control studies and hazard ratios, incidence rate ratios or standardized incidence ratios were taken as equivalent and hereafter jointly referred as RR estimates) with 95% CI, and covariates adjusted for in the analysis. For studies that reported several multivariable-adjusted RR estimates, we selected those accounting for the largest number of potential confounders.
Statistical analysis
Taking as reference daytime work, we calculated pooled RRs and their 95% CIs to assess the effect of night-shift work by rotating and fixed schedule on prostate cancer with using the inverse variance method. Publication bias was assessed through visual inspection of funnel plots, the Egger's test, and the trim and fill method of Duval and Tweedie [12, 13] . Heterogeneity between studies estimates was assessed using the I 2 statistic [14] . These analyses were conducted separately for the association between fixed and rotating night-shift schedules.
We then conducted a meta-regression analyses for a formal comparison between the summary RR estimates referring to rotating or fixed night-shift work schedule, among the studies that provided data for both exposures, while including in the models variables that may contribute to explain heterogeneity. All statistical analyses were performed using STATA software (version 13.1, StataCorp LP, Texas, US).
Results
A total of 123 studies were initially identified, but only 13 matched our search criteria. Then, four studies were excluded because they did not include prostate cancer (n = 2) [15] , or did not distinguish the shift work type (n = 1) [16] , or present overlapping data (n = 1) [17, 18] . This yielded a total of nine studies for meta-analysis ( Fig. 1) [10, 17, [19] [20] [21] [22] [23] [24] [25] [26] Four studies provided information on associations of rotating and fixed night-shift work with prostate cancer risk in comparison with daytime work, and five studies provided information on association of rotating night-shift and prostate cancer only. Accordingly, a total of 120,319 (4.8%) participants worked on a rotating scheme and 93,455 (3.7%) on a fixed night-shift schedule. Overall, 9219 cases of prostate cancer were included. The characteristics of the included studies are shown in online Supplementary Table 1 . Figure 2 shows the forest plot of pooled risk estimates for overall, rotating, and fixed night-shift work. There was a significantly increased risk of prostate cancer with rotating (RR of 1.06, 95% CI of 1.01 to 1.12; I 2 = 50.2%), but not with fixed night-shift work (RR of 1.01, 95% CI of 0.81 to 1.26; I 2 = 33.3%) Subgroup analyses by study design, study country, study population, and control of confounding by smoking or body mass index (BMI) are presented in Table 1 . For the rotating schedule, stronger associations and no heterogeneity were observed in case-control studies and among Asian populations. No meaningful differences in the summary RR estimates were observed according to the control of confounding by BMI or smoking, though heterogeneity was lower when the adjusted estimates were considered. Only one study was conducted among healthcare workers, with a RR higher than the summary RR from studies conducted in industrial workers or in the general population. The results regarding the fixed schedule are based on a smaller number of studies; nevertheless, the summary RR was <1 for cohort studies and those presenting RR estimates adjusted for smoking or BMI. After restricting our analysis to the four abovementioned studies that reported the association between both rotating and fixed night-shift and prostate cancer, all cohort studies in which adequate control for potential confounding by smoking was performed, we found a stronger positive association, though borderline significant, between rotating night-shift work and prostate cancer (RR of 1.10, 95% CI of 0.99 to 1.21; I 2 = 42.7%). When comparing the summary RR for rotating and fixed schedule through meta-regression, the model including study design, type of population, and control of confounding yielded a summary RR 20% higher for rotating schedule, compared to the fixed, with heterogeneity being fully explained by these variables (I 2 = 0%) (Fig. 3) . The visual inspection of the funnel plots suggests no publication bias for fixed night-shift work (Egger's test, p = 0.87, but the association between rotating night-shift work and prostate cancer may be overestimated (Egger's test, p = 0.04) (Fig. 4) . Corresponding to the Duval and Tweedie's trim and fill input method, the expected summary RR for rotating night-shift work would be1.05, 95% CI: 0.99 to 1.06). 
Discussion
Main finding
In this systematic review and meta-analysis, we provide a comprehensive assessment of the factors affecting the association between night-shift work and prostate cancer, specifically the night-shift work pattern. Although some studies have suggested that rotating night-shift work, but not fixed night-shift, is associated with increased risk of prostate cancer, other studies have also attributed significant differences on the effect size to ethnicity and study design Fig. 2 Forest plot of studies (n = 9) describing the association of prostate cancer with rotating or fixed night-shift work. RR* describes the association between night-shift work and prostate cancer differences. In the present work, we included nine observational studies, in which the exposure was clearly defined as rotating and/or fixed night-shift work, and the association of with prostate cancer reported according the exposure type. We found a significant, though modest, increased risk of prostate cancer in rotating night-shift workers compared with daytime workers, while no association was found in the fixed night-shift group. This corresponded to RR estimates approximately 10 to 20% higher for rotating night shifts In addition to night-shift work schedule, heterogeneity could also be explained by study design features and characteristics of the populations evaluated.
Potential biological mechanisms
The mechanisms involved in the causal pathway between night-shift work and prostate cancer are incompletely understood, however, several biological plausible hypotheses have been formulated. Irrespective of night-shift work pattern, previous studies have shown that working at night suppresses the night-time production of melatonin [27, 28] , disrupts the function of "clock" genes [27, 29] , and reduces the production of vitamin D [10, 30] . Melatonin is secreted at night by the pineal gland, and it plays an important role in the regulation of the biological circadian rhythms. Several in vitro and in vivo studies reported that melatonin has potentially beneficial oncostatic, antioxidant, antiadduct, antiestrogenic, and immune modulation activities, which are responsible for preventing cancer development, particularly in breast and prostate cancer [28, 31] . Suppression of melatonin could result in increased mutagenesis and oxidative damage, reduced DNA repair, and enhanced immune suppression with a shift in the regulation of inflammatory cytokines to those more likely to promote cancer [31] . Additionally, as melatonin suppression is believed to increase the level of sex hormones, decreased levels of melatonin may induce the continuous production of testosterone, which in turn may influence the risk of prostate cancer as the growth and differentiation of the prostate is under androgen control [10] .
Apart from melatonin, other mechanisms may include the alteration of the function of "clock" genes and the desynchronization of master clocks located in the Fig. 3 Formal comparisons between the summary relative risk estimates referring to rotating or fixed night-shift work schedule, from metaregression models Fig. 4 Funnel plot of studies assessing the association of prostate cancer with rotating or fixed night-shift work. RR describes the association between night-shift work and prostate cancer suprachiasmatic nucleus (SCN) and peripheral clocks in tissues. Desynchronization of the SCN and peripheral clocks by a circadian phase shift may lead to abolishment of peripheral-clock-controlled ATM (ataxia teleangiectasia mutated) gene activation, with impaired DNA repair and activation of c-Myc oncogenic potential. Consequently, tumor suppression is a clock-controlled process with interplay between central and peripheral oscillators, and disruption of the circadian time organization favors tumor promotion and tumor development. In addition, short sleep duration can also affect the circadian cycle resulting in the dysregulation of a number of genes involved in tumor suppression. "Clock" genes are known to be directly involved in the regulation of prostate tumorigenesis. In normal individuals, the "clock" genes, especially Per1/ per2 and Bmal1, are expressed in a circadian rhythmic manner. This rhythmicity is lost in patients with prostate cancer, and melatonin can regulate Bmal1 levels, restoring circadian function [32, 33] .
Finally, the decreased exposure to daylight imposed by night-shift work reduced the production of vitamin D, and the biological active form of vitamin D (1,25-dihydroxyvitamin D3) was shown to inhibit prostate cancer cells proliferation [30] . Beyond its primary role of bone metabolism regulation and calcium-phosphorus homeostasis, numerous in vitro and in vivo studies have evidenced several ''noncalcemic'' or ''extraskeletal'' effects of vitamin D. Reduced levels of vitamin D influence the onset and progression of several diseases such as autoimmune diseases, respiratory infections, diabetes mellitus type 1 and 2, hypertension and cardiovascular diseases, neuromuscular disorders, and cancer [34] . Calcitriol exerts significant antitumoral activity in vitro and in vivo in murine squamous cell carcinoma, rat metastatic prostatic adenocarcinoma Dunning (MLL) model systems, human prostatic adenocarcinoma (PC-3 and LNCaP), human breast, colon, and pancreatic cancer, as well as in leukemia, myeloma, and lymphoma lines [35] . The value of vitamin D or vitamin D analogs in the prevention and treatment of prostate cancer have generated great interest and its efficacy tested in recent clinical trials with promising results [36, 37] .
Causes of heterogeneity: night-shift schedule, study population, confounding, and bias
Regarding the influence of different night-shift schedules on circadian rhythms disruption, Borugian et al. [38] compared the melatonin levels between rotating-shift workers and fixed shift workers. These levels were lower and less variable in rotating night-shift workers, with low levels during rest/sleep periods and high levels during waking/work, as compared with those who works permanently at night. These authors showed that high melatonin levels during waking and working hours are the main cause of fatigue and lack of alertness in shift workers, while the decreased levels of melatonin during sleep are possibly related with known increased cancer risk. These results suggest that fast-rotating shifts may not allow sufficient time for intrinsic circadian clock to adapt, whereas permanent night workers are allowed to adapt almost completely to their sleep/wake cycle, provided they maintain it even on their days-off. The higher and statistically significant risk of cancer that we observed in rotating night-shift workers compared with fixed night-shift workers, can possibly result from a more severe disruption of the circadian rhythm, reflected by lower melatonin levels when compared with the permanent work at night, and consequently a greater risk of tumorigenesis than the fixed night-shift workers. In addition, among those working in a rotating nigh-shift we showed a stronger association in Asian, and industrial workers. These observations might reflect Asian specificgenetic susceptibilities leading to an inappropriate adaptation to night-shift; since the only study including healthcare workers were Asian we cannot exclude collinearity between study location and population; in general population studies, however, the association with rotating night-shift work and prostate cancer were also positive, though less significant. The hypothesis of confounding by smoking and obesity was taken into account in statistical analysis of the majority of studies, and thus they did not affect effect size heterogeneity between studies.
Study limitations and strengths
One of the distinctive features of the present systematic review in relation with previous reports addressing the effect of night-shift work on prostate cancer is the specific focus on the effects of fixed or rotating schedules. However, it is subject to the potential limitations of this type of analysis. We did not have access to individual patient data from all studies reviewed and we based on published information only. Despite the high number of participants, most of them were recruited from general population and there are few studies specifically addressing the association between rotating or fixed night-shift work and prostate cancer. Additionally, the definition of the exposure differs largely between studies. Nevertheless, and importantly, the level of heterogeneity in this review was lower than those reported in the previous studies, which suggests that a stratified analysis is needed when consider the effect of night-shift work on the risk of cancer. The total number of participants exposed (i.e., nightshift workers) was <10% of the non-exposed (i.e., daytime workers). However, the distribution of participants was similar for rotating and fixed schedule, and consequently the statistical power for detecting association of a similar magnitude is similar for both exposures, despite the number of studies providing data for fixed schedule is smaller. The original studies do not provide a direct comparison between the effects of fixed and rotating schedules, and the 95% CI for the summary RR estimates for fixed and rotating shifts overlap. Although our findings cannot support statistically significant differences between these distinct types of exposure to night-shift work, in the four studies that provided data for both fixed and rotating schedule the association was consistently stronger for the latter. Also, meta-regression analyses support higher RR estimates for rotating schedule when taking into account characteristics of the studies that could explain such differences. However, data on the effects of rotating night-shift work may have been less likely to be published when there was no positive association, which may have contributed for an overestimation of the summary effect, though to a small extent.
It would have been interesting to investigate if specific night-shift work pattern affect prostate cancer according to the stage or aggressiveness of the tumors, but unfortunately such data is seldom available in the original reports, and no RR estimates are provided according to these tumor characteristics.
Conclusion and public policy implications
The present systematic review and meta-analysis provides new evidence into the field of occupational health and prostate cancer research. Its findings may improve our understanding of the role of circadian rhythm disruption in prostate cancer and may help to shed light on potential risk factors for prostate cancer. It shows that, when compared with the daytime workers, in men who work at night the rotating schedule was associated with a significantly increased risk of prostate cancer, but not the fixed schedule. However, since the association was weak and residual confounding or bias may have contributed to spuriously increased risks, additional studies are needed to further clarify this association before this evidence can be translated into measures for risk reduction in occupational settings.
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